INTRODuCTION
The exposure of pigs to high ambient temperature (AT) increases their body temperature, resulting in heat stress (HS; Pearce et al., 2013) . Heat-stressed pigs increase their peripheral blood flow in an attempt to promote body heat loss, and this cutaneous vasodilation is supported and coordinated with marked vasoconstriction to the entire splanchnic bed (Collin et al., 2004) . The HS-related reduction in blood flow to internal organs (Ooue et al., 2007) decreases the supply of oxygen and nutrients to tissues of the gastrointestinal tract (Hinnebusch et al., 2002) , which may result in substantial damage of the intestinal epithelia. Reduced intestinal villi height is commonly observed in HS pigs (Yu et al., 2010; Pearce et al., 2013 Pearce et al., , 2014 , which coincides with changes in cellular proliferation and membrane function (Sonna et al., 2002) . In addition, a dramatic reduction in the abundance of genes coding for the synthesis of AA transporters was recently observed AbSTRACT: Heat stress (HS) appears to impair the pig's small intestine digestive and absorptive capacities and, therefore, may affect the AA digestibilities. A crossover-designed experiment was conducted utilizing two 7-d periods with 8 pigs (30.8 kg initial BW) surgically fitted with T-type cannulas at the terminal ileum to analyze the effect of HS on both apparent (AID) and standardized (SID) ileal digestibility of AA in pigs fed a wheat-soybean meal diet. Subcutaneous skin and ileal lumen temperatures were continuously monitored in 15-min intervals during the entire experiment. After recovery from surgery, all pigs were adapted to the diet and trained to consume the same amount of feed twice a day for 5 d in thermal-neutral (TN) conditions (22°C ± 2°C). Following adaptation, pigs were divided into 2 groups (4 pigs each); 1 remained in TN conditions, and the other group was exposed to natural HS (24°C to 45°C) for 7 d (period 1). In period 2, the 2 groups switched environments. Ileal digesta were continuously collected for 12 h, starting at 0700 h, on d 6 and 7 of each period. Chromic oxide was used as an indicator of intestinal digesta flow. The subcutaneous and the ileal temperatures were increased between 1.3°C and 1.6°C in HS compared to TN pigs (P < 0.001). The AID of AA (%) for the TN and HS pigs were Arg, 90.6, 88.1; His, 88.7, 85.9; Ile, 84.8, 83.9; Leu, 86.9, 84.1; Lys, 86.8, 86.2; Met, 89.8, 89.1; Phe, 86.0, 84.8; Thr, 76.7, 74.3; and Val, 82.8, 81 .7, respectively. The SID (%) of AA for the TN and HS pigs were Arg, 94.0, 92.0; His, 92.5, 90.2; Ile, 89.5, 88.1; Leu, 90.1, 88.6; Lys, 91.0, 90.1; Met, 94.4, 93.6; Phe, 90.4, 88.9; Thr, 86.0, 83.7; and Val, 88.1, 86 .5, respectively. The AID of Arg, His, and Leu was lower (P < 0.01) in HS pigs, and the SID of Arg and His was also lower in HS pigs. Neither the AID nor the SID of the remaining essential AA was affected by HS. In summary, the digestibility of essential AA is differentially affected in pigs exposed to natural HS, and thus, special attention should be given to Arg and His when formulating diets for growing pigs under HS conditions. in the small intestine of HS pigs (Morales et al., 2014) . Moreover, we recently reported an increased loss of endogenous AA in HS pigs (Morales et al., 2016) . Thus, the damage to the intestinal epithelia in HS pigs presumably decreases their AA absorption capacity. Increased ileal temperature may further directly damage the intestinal epithelia in HS pigs (Pearce et al., 2014) . The impact of HS on the ileal temperature, as well as on the apparent (AID) and standardized (SID) ileal digestibility of AA of pigs exposed to HS conditions has not been examined.
We hypothesized that HS negatively affects AA digestibility, and hence, study objectives were to analyze the AID and SID of AA, as well as the ileal temperature in growing pigs exposed to either thermal-neutral or HS conditions. The relationship between the subcutaneous and the ileal temperatures was analyzed as well.
MATERIALS AND METHODS

Animals and Experimental Procedure
The pigs used in the experiment were cared for in accordance with the guidelines established in the Official Mexican Regulations on Animal Care (Ochoa, 2001) . Eight growing pigs (30.8 ± 2.2 kg initial BW) with T-type cannulas implanted at the end of the small intestine (approximately 15 cm before the ileocecal valve) were used in an experiment conducted during the summer in northwestern Mexico, where the AT rises up to 45°C. Surgery and postoperative care were performed according to Sauer et al. (1983) . At the same time, a small thermometer (Thermotracker BT; iButtonLink LLC, Whitewater, WI) set to measure and record the ileal temperature every 15 min during the whole experiment was placed into the ileal lumen of all pigs and fixed with a silk string to the barrel of the cannula. A similar thermometer was also implanted under the skin between both scapulae of all pigs to measure subcutaneous temperature. Pigs were individually housed in raised-floor metabolism pens (1.2 m wide, 1.2 m long, and 1.0 m high) equipped with a nipple water drinker, smooth siding, and iron mesh floor. All pigs were adapted to the pens for 10 d prior to the implantation of the cannula and the thermographs and were allowed to recover from surgery for 14 d. The pigs were maintained inside an airconditioned room (22°C ± 2°C) during this time (24 d).
The experiment was conducted utilizing two 7-d periods. Twenty-one pigs were randomly distributed into 2 groups of 4 pigs each and assigned to 1 of 2 environmental treatments: 1) thermal neutral (TN) and 2) HS. In period 1, the TN group remained housed in the air-conditioned room, and the HS group was moved to a room with no air conditioning and exposed to natural AT. In period 2, the pigs switched environments; those housed in the air-conditioned room were moved the warm room and vice versa. The AT inside each room was measured and registered at 15-min intervals with the aid of a hygrothermograph (Thermotracker BT; iButtonLink LLC).
All pigs were fed a wheat-soybean meal diet supplemented with l-lys·HCl, vitamins, and minerals to meet the NRC (2012) requirements (Table 1) . The analyzed AA composition of the diet is shown in Table  2 . All pigs were trained to consume the same amount of feed twice a day, at 0700 and 1900 h, for 5 d. The amount of feed consumed by the pig in the TN room with the lowest consumption during the adaptation period was determined. We have observed that HS pigs reduce their voluntary feed intake (VFI) by approximately 30% compared to TN pigs; hence, the meal size offered to all pigs in period 1 was equivalent to the amount of feed consumed by the pigs with the lowest consumption minus 30%. In period 2, the meal size offered to all pigs was increased by 10%. This strategy was implemented to make sure that all pigs consumed the same amount of AA. Chromic oxide (0.2%) was included in the diet as an external indigestible marker to calculate AA digestibility values. The feed was mixed with water at a 1:1 ratio. In each period, on d 6 and 7, the ileal content was continuously collected from all pigs for 12 h starting at 0700 h. Plastic bags were attached to the barrel of the cannula and remained there until they were filled with intestinal content but no longer than 15 min. Ileal digesta were pooled for each pig within collection day and frozen at −20°C. Before analyses, the digesta samples were thawed, homogenized, subsampled, and freeze-dried.
Chemical Analyses and Calculations
The freeze-dried digesta and the diet were ground through a 1-mm screen in a Wiley mill (Thomas Scientific, Swedesboro, NJ). The diets and digesta were analyzed for DM, CP (method 984.13A-D), and AA (method 982.30E) as described by AOAC (2006); Trp was not analysed. Chromic oxide was also analyzed (Fenton and Fenton, 1979) . The analysis of AA was performed by HPLC (method 982.30E; AOAC, 2006) with postcolumn ninhydrin derivatization and the use of a fluorescence detector. The AID of AA (%) was calculated with the use of chromic oxide as an external marker according to the following equation (Stein et al., 2007) :
where AA digesta and AA diet are the AA concentrations (g/kg) in digesta and diet DM, respectively, and M diet and M digesta are the marker concentrations (g/kg) in diet and digesta DM, respectively. The SID in TN and HS pigs were calculated by correcting the AID for the respective endogenous losses of AA in TN and HS pigs, recently reported by Morales et al. (2016) , according to Stein et al. (2007) .
Statistical Analyses
Analyses of variance of the data were performed using SAS procedures (SAS Inst. Inc., Cary, NC) according to a crossover experimental design (Cochran and Cox, 1957) . The model considered the fixed effects of AT and experimental period. Correlation analyses between the subcutaneous and the ileal temperatures were performed. Probability levels of P ≤ 0.05 and 0.05 < P ≤ 0.10 were defined as significant differences and tendencies, respectively.
RESuLTS
All pigs consumed, on average, 1.0 and 1.1 kg of feed per day during experimental periods 1 and 2, respectively; this was equivalent to 2.4 times the NE requirement for maintenance (NRC, 2012) based on the average BW of the pigs at the start of the first experimental period. Accordingly, the average daily intake of each AA (Table 3) was not different between pigs during the whole study. The great majority of pigs consumed their meals in less than 15 min during the whole experiment. The AT in the TN room ranged from 19.1°C to 28.0°C and averaged 23.5°C. In the HS room, the AT ranged from 28.1°C to 47.0°C, and averaged 33.4°C; furthermore, the AT recorded between 1000 and 2000 h was above 40°C (Fig. 1) . The average subcutaneous (39.9°C vs. 38.6°C) and ileal (41.1°C vs. 39.5°C) temperatures in the HS pigs were 1.3°C and 1.6°C higher (P < 0.001), respectively (Fig. 2) . The ileal temperature of HS pigs fluctuated in a manner similar to the AT in the HS room; moreover, from 1500 to 2000 h it was above 42°C (Fig. 3) . There was a very strong correlation between subcutaneous and ileal temperatures (r = 0.92; P < 0.001) in the HS pigs. However, in the TN pigs, the ileal and subcutaneous temperatures were poorly correlated (r = 0.05).
Apparent Ileal Digestibility of Amino Acids
The AID values in pigs exposed to either HS or TN conditions are presented in Table 4 . There was no effect of the experimental period on the AID of any AA. The AID of Arg, His (P < 0.001), and Leu (P = 0.008) was decreased in HS pigs compared to TN controls. However, there were no differences in the AID of the remaining indispensable AA between HS and TN pigs (P > 0.253). Threonine was the indispensable AA with the lowest AID, whereas Arg and Met had the highest values. The AID of the dispensable AA was not affected by the AT either (P > 0.251). Glycine was the dispensable AA with the lowest AID, whereas Glu had the highest AID.
Standardized Ileal Digestibility of Amino Acids
The SID values of pigs exposed to either HS or TN conditions are presented in Table 5 . Like the AID, there was no effect of the experimental period on the SID of any AA. Heat stress reduced the SID of Arg (P = 0.003) and His (P = 0.002) compared to TN controls. The SID of the rest of the indispensable AA was not affected by HS (P > 0.148). Threonine was also the indispensable AA with the lowest SID, whereas Arg, His, Lys, and Met had the highest values. There was no effect of HS on the SID of the dispensable AA (P > 0.146). Alanine and Gly were the dispensable AA with the lowest SID values, and Pro had the highest value.
DISCuSSION
Heat stress is assumed to reduce an animal's intestinal capacity for nutrient absorption as evidenced by the decreased height of the intestinal villi in multiple species (Yu et al., 2010; Pearce et al., 2014) . In addition, increased loss of endogenous AA, compared with TN pigs, was observed in pigs exposed to HS (Morales et al., 2016) . Hence, the combined decrease in the absorption capacity and the increased loss of endogenous AA in HS pigs would be expected to affect their AID and SID of AA. In the present study, the pigs housed in the HS room were exposed to AT ranging from 28.1°C to 47.0°C and were exposed to AT higher than their thermal neutral zone for at least 18 h (from 0800 to 0200 h of the following day) every day. In contrast, the pigs in the TN room were exposed to AT within the TN zone all the time. Assuming that both the HS and the TN pigs are fed similar amounts of the same diet, any difference in the AID and SID between HS and TN can be attributed to the AT to which they are exposed to. Therefore, the present study was conducted to determine whether the exposure of pigs to AT substantially above the thermal neutral zone affects the AID or the SID or both.
Pigs are able to transfer internal heat to the body surface to maintain unaltered body temperature (Huynh et al., 2005) . Pigs exposed to high AT increase their respiration rate (Pearce et al., 2013 (Pearce et al., , 2014 ; indeed, in the present study, we observed a 2-fold increase in the respiration rate of HS pigs (data not shown). However, when the AT reaches high critical values, the increased respiration rate is not sufficient to maintain the body temperature without change; hence, the BT increases (Arce et al., 2013; Pearce et al., 2014) . In the present experiment, the average ileal temperature was 1.6°C higher in the HS pigs than the TN ones. Moreover, from 1600 to 2000 h, the ileal temperature in HS pigs increased 2.8°C compared to that in TN controls; the subcutaneous temperature was also higher (1.3°C) in the HS pigs. An increase in the rectal temperature of HS pigs (approximately 1.5°C), similar to the one observed in the present study, was associated with substantial damage of the intestinal epithelial (Yu et al., 2010; Pearce et al., 2013 Pearce et al., , 2014 . Hence, we speculate that the pigs used in the present experiment could have experienced similar intestinal epithelial damage. In addition, the high correlation between the ileal and subcutaneous temperatures in HS pigs suggests that the subcutaneous temperature is a good indicator of the body core temperature of pigs exposed to high AT.
The AID of AA is defined as the net disappearance of ingested dietary AA from the small intestine (Stein et al., 2007) , calculated by subtracting the AA arriving at the end of the small intestine from the ingested AA. The total amount of each AA appearing at the distal ileum comprises AA not only from nondigested dietary proteins but also from undigested endogenous proteins. Intestinal secretions (mucoproteins, digestive enzymes) and dead cells (sloughed) contribute around two-thirds of the total endogenous proteins entering the gastrointestinal tract of pigs in TN conditions (Low, 1985) , and the majority of proteins recovered at the distal ileum are composed of cells and mucins (Moughan and Schuttert, 1991) . The HS-related epithelial damage in the small intestine of pigs, resulting from the reduced blood flow to the small intestine (Hinnebusch et al., 2002) , is characterized by the increased death of intestinal cells, causing a reduction in the intestinal villi height (Liu et al., 2009; Yu et al., 2010; Pearce et al., 2013) . In combination, the reduced intestinal villus height and the increased sloughing of intestinal cells in HS pigs are expected to decrease the AA absorption capacity and to increase the total ileal outflow of AA, respectively, hence decreasing the AID of AA. Indeed, Morales et al. (2014) reported a reduced expression of the mRNA coding for cationic and neutral AA transporters in jejunum of HS pigs. In the present experiment, HS reduced the AID of 2 cationic AA (Arg and His) and 1 neutral AA (Leu) but did not affect the AID of the remaining indispensable AA and all dispensable AA. Thus, these data indicate that HS differently affects the AID of AA, depending on the type of AA.
The AA composition of endogenous proteins recovered at the end of the small intestine is variable and depends on their source, digestibility, and reabsorption of the AA released during protein digestion. Threonine (approximately 34%), followed by Pro (14%) and Ser (13%), is the most abundant AA in rat (Faure et al., 2002) and pig (Souffrant, 1991) mucoproteins, which appear to be poorly digestible (Fogg et al., 1996) . Recently, we found that Pro and Gly accounted for about 30% of the total content of AA in proteins recovered at the terminal ileum of HS pigs (Morales et al., 2016) , but the Thr and Ser contents were just about 25% and 40%, respectively, of that in mucin (Faure et al., 2002) , indicating that mucin was not the main source of endogenous AA in HS pigs. In agreement, the lack of effect of HS on the AID of Thr, Pro, and Ser obtained in the present experiment partially supports the hypothesis that mucin is not the main contributor of the ileal AA outflow of HS pigs. The digestion resistance of mucoproteins is associated with their relatively high presence of disulfide bonds (Starkey et al., 1974) and the high degree of glycosylation (Biol-N'garagba and Louisot, 2003) . Thus, alterations in the activity of the enterocyte glycosyltransferases and the enzymes forming the disulfide bonds of the surplus mucoproteins may have occurred because of the increased intestinal temperature of HS pigs. Hence, this apparent incomplete maturation of extra mucoproteins could have made them digestible in the small intestine of HS pigs.
In the present experiment, in contrast, the AID of Arg, His, and Leu were 2.5%, 2.9%, and 2.0% units, respectively, lower in HS pigs. Substantial amounts (more than 40%) of dietary Arg are utilized in the small intestine in the first-pass metabolism (Wu et al., 2007) . Apparently, the increased death of intestinal cells observed in HS pigs (Yu et al., 2010; Pearce et al., 2013) increases the ileal outflow of endogenous Arg, which in turn may reduce the AID of this AA. In fact, we recently reported an increased loss of endogenous Arg by HS pigs (Morales et al., 2016) . Regarding His, it has been reported that the exposure of chicken muscle cells to high AT leads to overproduction of reactive oxygen species (Yang et al., 2010; Kikusato and Toyomizu, 2013) , resulting in lipid peroxidation and oxidative stress. Son et al. (2005) reported that His inhibited the hydrogen peroxide production in intestinal epithelial cells, suggesting that His potentially attenuates the intestinal inflammation. Morales et al. (2016) also reported a greater loss of endogenous His recovered at the distal ileum of HS pigs. In addition, it was reported recently that HS markedly reduces the abundance of mRNA coding for the cationic AA transporter b 0,+ AT in the small intestine of pigs (Morales et al., 2014) , which possess high specificity for Arg and His (Bröer, 2008) . This may imply a reduced reabsorption of cationic endogenous Arg and His. Therefore, the reduced AID of Arg and His observed in the HS pigs in the present experiment is mostly attributed to increased ileal outflow, apparently resulting in part from the increased death of intestinal cells, and the lower reabsorption of their proteins compared with TN pigs.
The AID of Lys was not affected in the present experiment by exposing the pigs to HS, despite the fact that Lys, like Arg and His, is also a cationic AA preferentially absorbed by the AA transporter b 0,+ AT (Bröer, 2008) . This discrepancy may be explained by the combination of several factors. Approximately 40% of dietary Lys was given in free form; hence, the absorption of free Lys is expected to occur right after reaching the small intestine without the competition from Arg and His (Morales et al., 2015) . In contrast, Arg and His were included totally in the form of intact proteins, which needed to be digested before the absorption of these AA took place. The digestion of dietary proteins seems to take place mostly in the jejunum. According to Ren et al. (2012) , the highest activity of trypsin, which is specific for cationic AA (Arg, His, and Lys), is observed in the jejunum, whereas the trypsin activity in the ileum is only about 20% of that in the jejunum. Assuming the increased death rate of intestinal cells due to HS is similar between the jejunum and ileum, a significant incorporation of cell-derived intestinal proteins into the ileum would be expected. Hence, the increased release of proteins from ileal sloughed cells because of HS combined with the reduced trypsin activity in the ileum may have resulted in a diminished digestion of endogenous proteins and lower reabsorption of endogenous AA, partially explaining the lower AID of Arg and His. On the other hand, we have no clear explanation for the decreased AID of Leu in HS pigs. The Leu content of endogenous proteins is very low, so these proteins do not seem to contribute to the reduced AID of Leu. Moreover, neither the composition nor the loss of endogenous Leu was affected by exposing pigs to HS conditions (Morales et al., 2016) . It might be speculated that HS affects the abundance of the neutral AA transporter B0 in the jejunum of pigs, resulting in lower reabsorption of endogenous Leu in HS pigs, but the AID of the remaining neutral AA (Phe, Tyr, Met, Ile, Val, etc.) was not affected.
The SID of AA is calculated the same way as the AID, but the ileal flow of basal endogenous AA is subtracted from the total ileal AA outflow (Stein et al., 2007) . In the present experiment, the basal endogenous flow of AA in TN and HS was determined in a previous trial with the same pigs of similar BW (Morales et al., 2016) that we employed in the digestibility trial. These values were used in the present experiment to calculate the SID for HS and TN pigs, respectively. The ileal recovery of endogenous Arg and His presented in this report was significantly higher in HS pigs. The reduced SID of Arg and His in the HS pigs suggests that the exposure of pigs to high AT not only increases the loss of endogenous Arg and His but also reduces the digestion of endogenous proteins and the reabsorption of these AA released from endogenous proteins. The reduced SID of Arg and His in the HS pigs coincides with the reduced jejunal abundance of the mRNA coding for the AA transporter b 0,+ AT in pigs exposed to HS conditions (Morales et al., 2014) . In contrast, the SID of Lys was not affected by HS despite the fact that Lys is also a cationic AA. This response, like the one observed for the Lys AID, is also explained by the fact that the experimental diet contained around 40% of free Lys, which was expected to be absorbed in the duodenum and proximal jejunum (Morales et al., 2015) . Hence, the assumed reduced AA absorption capacity in the jejunum and ileum of HS pigs reported by Morales et al. (2015) may not affect dietary crystalline Lys, as expected for Arg and His. The SID of AA in HS pigs was, on average, 4.8% units higher than the AID, ranging from 3.8 (Arg) to 9.4 (Thr).
In conclusion, the exposure of pigs to HS conditions negatively affects the AID of Arg, His, and Leu. In addition, HS reduces the SID of Arg and His. However, HS did not affect either the AID or the SID of the remaining indispensable AA. The lack of effect of the experimental period on both the AID and SID of AA may indicate a chronic rather than an acute effect of AT on the digestion-absorption capacity of HS pigs. Additionally, it appears that supplementing crystalline Lys to wheat-soybean meal diets prevents HS pigs from having reduced Lys SID. Thus, it may be hypothesized that supplementing crystalline AA to commercial diets may help to overcome the negative effect of HS on the AA absorption capacity of pigs, but further studies need to be conducted to prove this hypothesis. Finally, pigs exposed to HS conditions increase their intestinal temperature, which is positively correlated with the subcutaneous temperature.
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